Abstract-Two cores recovered from different locations in the eastern Mediterranean contain intercalations of organic-rich sapropels in organic-poor hemipelagic sediments. In both cores enrichments of Mn and Fe were found in the oxidised section of the sediment, above the sapropel SI. The sediments followed a diagenetic cycle, which began after the sapropel formation finished (about 7000 years ago). First, during a non-steady-state diagenetic phase, metal-rich layers were formed at a downward moving oxidation front. The front decelerated at the top of the sapropel as a consequence of increasing amounts of C org and sulphides that had to be oxidised. During the second part ofthis non-steady-state phase, the oxidation front starts moving upwards with respect to the sapropeL Manganese is remobilised in preference to iron due to thermodynamics, reinforced by kinetics. When the upward movement of the oxidation front becomes equal to the sedimentation rate, steady-state is established with respect to the new organic-poor sedimentary circumstances. At location 3IGI, the system is at or close to steady-state. At location 9G 1, however, this steady-state phase has never been reached. Between 1900 and 1350 years BP, the organic carbon accumulation rate probably increased suddenly, inducing a retreat of the oxidation front and the non-steady-state formation of double peaks.
GEOCHE\-1ICAL RESEARCH on pelagic and hemipelagic sediments has focused mainly on steady-state diagenesis (LYNN and BONATTI, 1965; HARTMANN et al., 1973; FROELICH et aI., 1979; EMERSON et aI., 1980; KLINKHAMMER et aI., 1982; BERGER et aI., 1983) . Under such post-depositional conditions metal-rich layers may form at a specific depth in the sediment with respect to the sediment surface. This depth is determined by a balance between fluxes of oxidants (e.g., O 2 and NO;-) and reductants (e.g., Fe 2 + and Mn 2+) diffusing to the metal-rich layer on the one hand and the sedimentation rate on the other hand. This definition of steady-state (FROE-LICH et aI., 1979) will be used in this paper. However, recent studies have shown that in some areas where steady-state conditions now prevail, non-steady-state conditions may have once existed. A permanent steady-state condition requires constant sedimentary conditions over a long period, which is not very likely in any sedimentary environment. The balance between fluxes and sedimentation rate is very delicate. When a parameter changes, the geochemical system is out of balance and during a non-steady-state interval it will pursue a new balance.
Non-steady-state processes can be responsible for the formation and preservation of metal-rich layers. Such processes have been described most extensively for interbedded pelagicturbiditic sediments in the Atlantic Ocean such as those found in the Madeira and Nares Abyssal Plains (COLLEY et aI., 1984; WILSON et al., 1985 WILSON et al., , 1986 DE LANGE, 1986; DE LANGE and RISPENS, 1986; BUCKLEY and CRANSTON, 1988; THOM-SON et aL. 1989) . For these sediments WILSON et aL (1985, Publication no. 631 Netherlands Institute of Ecology, Centre for Estuarine and Coastal Ecology, Yerseke, The Netherlands.
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1986) developed a model that describes the formation of metal-rich layers at a progressively downward moving oxidation front. This non-steady-state process is initiated by a change in depositional conditions such as increasing bottomwater oxygen contents or decreasing organic carbon accumulation rates. Under these conditions, the downward flux of oxidants in the porewater might not be balanced by an upward flux of reductants such as Fe 2 + and Mn 2+. The excess is then consumed through the oxidation of labile organic carbon and reduced sulphur compounds, and the oxidation front moves downward. The extent of imbalance between the fluxes, the sedimentation rate, and the local concentrations ofC org and reduced S determines the rate ofthis downward movement. Therefore, the initial rapid downward movement ofthe oxidation front will slow exponentially with time as the increased diffusion path length lowers the oxidant flux. Downward movement will finally cease when the oxidative and reductive fluxes are again in balance, I.e., when steady-state with respect to the new depositional conditions has been reached. This mechanism also accounts for the location of sharply defined metal-rich layers at depth (WILSON et aI., 1986) .
Metal-rich layers are common features in suboxic sediments. Sediments in the central Pacific Ocean were found to contain metal-rich patches, which are thought to be formed by non-steady-state diagenesis (HARTMANN, 1979) . In addition, metal-rich layers at or around the Pleistocene/Holocene transition have been reported for the eastern equatorial Pacific, the western equatorial Atlantic, the Gulf of Mexico, the Porcupine Abyssal Plain and the eastern Mediterranean (e.g., WALLACE et aI., 1988) . These widespread metal-rich layers may suggest changing environmental and depositional conditions (BERGER et aI., 1983; FINNEY et aI., 1988; DEAN et aI., 1989) . If the mechanism offormation and preservation of metal-rich layers is well understood and if this process can be put into a time perspective, these layers can be useful palaeo-environmental indicators.
Changing environmental conditions are thOUght to control the cyclic nature of eastern Mediterranean sediments (SIGL et aI., 1978; CALVERT, 1983; DE LANGE and TEN HAVEN, 1983; SUTHERLAND et aI., 1984; MURAT and GOT, 1987; DE LANGE et aI., 1989; KLINKHAMMER and LAMBERT, 1989) . The sediments in this area are dominated by alternating sequences of organic-poor hemipelagic sediments and sapropels or sapropelic layers (BUCKLEY et aI., 1974; CALVERT, 1983; MURAT and GOT, 1987; DE LANGE et aI., 1989) . A sapropel is defined as a discrete layer more than I cm thick that contains more than 2.0 wt% organic carbon and occurs in a pelagic sediment sequence. A sapropelic layer is defined as containing less than 2.0 wt% but more than 0.5 wt% organic carbon. These definitions are based upon changes in sediment colour: from brown to grey at 0.5 wt% and from grey to black at 2.0 wt% (SIGL et aI., 1978; KlDD et aI., 1978) . For practical purposes both sapropels and sapropelic layers are referred to as sapropels in this paper. The particularly strong contrasts between sedimentation periods make the eastern Mediterranean an ideal area to study the non-steady-state formation of metal-rich layers. Conditions that arise after deposition of the sapropel favour the development of a downward moving 39° oxidation front, regardless of the causes of the environmental changes.
In this paper the formation of metal-rich layers in the eastern Mediterranean will be discussed. Porewater data will be used to demonstrate that metal-rich layers are actively forming. High resolution sediment data are applied to determine the nature and location of metal enrichments and the distribution of organic maUer. Using flux calculations, the process of formation will be put into a time frame that starts with the deposition of the upper sapropel and ends at present conditions.
MATERIALS AND METHODS
The two gravity cores (9GI and 31GI) discussed in this paper were recovered during the 1987 Circum Crete Cruise with RV Tyro in the eastern Mediterranean (Fig. I) .
The shipboard routine has been described in detail elsewhere (DE LANGE, 1986) . Porewater extraction was started within 12 h of core collection and took place at in situ temperature ( 13°C). Samples for porewater extraction were taken after the top mm of sediment had been removed to prevent the inclusion of any oxidised or contaminated materiaL Pressure filtration under a nitrogen atmosphere (0 2 < 0.003%) was used to extract the samples.
Nitrate was measured on board with a Technicon Traacs 800 autoanalyzer using an automated method (STRICKLAND and PARSONS, 1968 Prior to analysis, sediment samples were dried at 105°C and finely ground in an agate mortar. Following digestion in a mixture ofhydrofluoric, nitric. and perchloric acids, final solutions were made up in 1 N HN0 3 and analyzed by ICPES for Fe, Mn, and S. The quality of the analysis was monitored by the inclusion of some laboratory and international standards. The organic carbon content was determined in duplicate by a sulphuric acid/dichromate oxidation. A solution of potassium dichromate in concentrated sulphuric acid was added to the samples. Cr(VI) is reduced by the organic matter to Cr(lll). The remaining Cr(VI) concentration is determined by titration with a (NH 4 )zFe(S04)z·6H 2 0 solution (SIMS and HABY, 1971) . Dry combustion at 900°C was performed on some samples as a second method to determine Corg concentrations. Prior to analysis, inorganic carbon was removed by adding I N HO to the samples. The samples were shaken for 24 hours and the procedure was repeated. The dry combustion method yielded systematically about 16% higher concentrations, but the trend in the COrg profiles was not affected by the choice of method. The Cr( VI) method yields minimum Corg results because probably not all organic matter is reduced, while the dry combustion method yields maximum COIl! results bec-dUse possibly not all inorganic carbon is removed prior to analysis.
A four-step sequential extraction method was performed on some samples at room temperature (LORD, 1982: HUERTA-DIAZ and MORSE, 1990) . The acids used in subsequent, sequential steps are 6 N HCI (1),1:1 HF:H 2 0 (2), HN0 3 (3), and an HF/H00 4 /HN0 3 mixture (4). These sequential steps yield a.o. the following mineral phases: (1 ) carbonates, (oxyhydr ) oxides, porewater constituents, and adsorbed ions; (2) alumino-silicates; ( 3 ) pyrite, constituents of organic matter; (4) Corg (%) 9Gl 31Gl o minerals. These mineral phases are operationally defined, i.e., the reagents used are not completely selective regarding the attack of a given mineral phase. Therefore, care should be taken with the quantitative interpretation of the extraction results (NIREL and MOREL, 1990; TESSIER and CAMPBELL, 1991) . The samples were analyzed by ICPES and the procedure was checked with total digestion of the same samples. One application of this method is to determine the pyrite content of the sapropels.
Pyrite and acid volatile sulphur (A VS) contents were also determined by a polarographic technique (EG&G Princeton Applied Research, Model 384B Polarographic Analyzer). The samples used for this method had been stored for four years at -20°C in sealed bags.
The samples for pyrite analysis were dried at 40°C. The pyrite-S was converted to HS -by Cr( Il) reduction and subsequent H 2 S trapping in NaOH. The samples for the A VS analysis were processed without drying. The A VS was converted to HS -by acidification and subsequent H 2 S trapping in NaOH. The HS -was measured by polarography at a potential of -0.68 V. The results were checked by comparison with a Na2S standard with the same matrix as the samples (1.0 N NaOH, previously purged with N 2 ) (HENNEKE et aI., 1991) .
RESULTS
An interval that is relatively high in total sulphur and in organic carbon occurs in both cores (3IGl and 9GI, Fig.  2 ). The concentrations of these two constituents increase to a maximum value towards the bottom ofthis interval, upon which they decrease to relatively low values in the organicpoor sediments.
The nitrate porewater concentration rapidly decreases to a low concentration in both cores (Fig. 3) . If metal-rich layers are actively forming, both O 2 and NO), must become zero at the oxidation front depth, i.e., at about 10 cm and 15 cm Stot (ppm) for locations 9G 1 and 31 G 1, respectively (Fig. 3) . At depths where the concentration of nitrate becomes low, Mn(Il) and Fe(I1) are mobilised (Fig. 3) . Accordingly, the porewater profiles of Mn and Fe both demonstrate low concentrations in the upper part, followed by an almost simultaneous increase with depth until a maximum concentration is reached (Fig. 3) . At the upper limit of the Fe and Mn porewater profiles, the convex shapes of the profiles indicate the occurrence of sinks of these elements in a distinct interval coinciding with the solid-phase Mn and Fe peaks.
The concentration of solid phase Mn demonstrates a large enrichment at the depth of the upper inflection in the dissolved Mn2+ profile in both cores ( Fig. 3 and 4) . At location 9G 1, the Mn enrichment is composed of two separate peaks. The enrichments occur in dark brown layers, which are about 3 cm and 5 cm thick for cores 3 1 Gland 9G 1, respecti vel y, and contain numerous fine laminations. The maximum value ofthe Fe enrichment lies just below the solid-phase Mn peak. At location 9G I, the Fe peak is broadened but is not resolved into two peaks, as is the case for Mn (Fig. 4) .
A large part of the reduced S in the sapropels is present as pyrite (FeSz) (Fig. 5) . The pyrite contents determined by the extraction and the polarographic method are identical. The highest pyrite contents are found in the lower part of the SI sapropel in both cores. At location 31 G 1, the total S content of the sapropel is almost completely balanced by the porewater SO~ plus the pyrite-S content. At location 9G I, however, a large fraction of the total S at the top of the sapropel must be attributed to another S-species (Fig. 5) . HClextractable iron, which is considered to be iron reactive towards HzS (BERNER, 1984) , is present throughout the sapropels.
DISCUSSION

Organic Carbon and Sulphur
Sapropel deposition and sulphate reduction
Extensive 14C measurements have shown that sapropel S! was deposited between 9000 and 7000 yr BP (VERGNAUD GRAZZINI et aI., 1986) . Almost all l4 C measurements fall in this range, although there are some exceptions: SUTHERLAND et al. (1984) dated the top of the S! at about 6400 yr BP, whereas ROSSIGNOL-STRICK et al. (1982) dated the bottom of the SI at 11,760 yr BP. If early diagenetic reactions are ignored, then the Corgprofiie is a reflection of palaeo-conditions at the time of deposition of this sapropel. The primary production rate, dilution with terrigenous material, and the preservation of organic matter determine this primary signal. A close correlation exists between COrg and S at both locations (PRUYSERS et aI., 1991) . This correlation has been found in various environments (e.g., BERNER, 1984) and can be explained by the occurrence of bacterial sulphate reduction at the time of deposition of an organic carbon-rich layer, leading to the precipitation of Fe sulphides. It is the amount of metabolizable organic matter rather than the amount of reactive iron or sulphate that is the limiting factor for iron sulphide formation in this case (BERNER, 1984) . This is consistent with the observed presence of reactive iron (fraction IV) in the sapropels at both locations (Fig. 5) . The bulk solid phase S-profile may, therefore, rellect primary effects, although the S-enrichment itself is diagenetic.
Comparison ofthe S contents obtained by total extraction with those obtained by taking the sum of the extraction steps implies that other S-species than pyrite or SO ~-are present at the top of sapropel SI at location 9G I and to a lesser extent at location 31 G 1. Sulphate-minerals are primarily extracted in the first extraction step and organic sulphur is extracted in the first or third step, depending on the solubility of the organic sulphur compounds in HC!. Furthermore, elemental sulphur and polysulphides (zerovalent S) are not reduced to H 2 S when subjected to HCI or oxidising acids (e.g., J0RGEN-SEN et aI., 1979) . The only remaining possibility is acid volatile sulphur (AVS), which escapes from solution as H 2 S during the first extraction step with 6 N HC!. Although polarography measurements did not reveal A VS in the sapropels, it is likely that some oxidation has occurred during storage of the samples that were used for this technique. Assuming all A VS is present as FeS, an iron speciation diagram can be made (Fig. 5) .
Iron monosulphide (FeS) is generally assumed to be an intermediate product in the process of sedimentary pyrite formation (GOLDHABER and KAPLAN, 1974; J0RGENSEN, 1977; BERNER, 1984; SKYRING, 1987; HENNEKE et aI., 1991 ) . Pyrite is then formed by the reaction of FeS with zerovalent sulphur. The relatively high FeS concentration in sapropel S, at location 9G I compared to the FeS2 concentration in the same sapropel and the low FeS concentration in the S, at location 31 G I may well be related to the low availability of zerovalent sulphur. This zerovalent sulphur may form as a result of the oxidation ofH 2 S and FeS by oxidants such as O 2 , N0 3 , Mn02, and FeOOH. The S, at both locations contain abundant Fe-( oxyhydr )oxides that may oxidise H 2 S and/ or FeS, forming zerovalent sulphur. In this respect it seems strange that the top of sapropel SI at location 9G I contains the most FeS. The sedimentation rate and the maximum C org concentration are lower at this location, which would imply a more strongly oxidising environment at the top of the sapropel than at location 31 G 1. Furthermore, the mottled and reworked appearance of the S, at 9G I may point to bioturbation during sapropel deposition (PRUYSERS et aI., 1991 ), while no evidence for bioturbation has been found in the S, at 31 G I. If the pathway for pyrite formation is correct, the Fe-speciation results are hard to explain and further research on fresh samples is needed.
Burn-down by the oxidation front
After deposition of a sapropel, conditions become favourable for the initiation of a downward moving oxidation front; C Org and solid-phase reduced S are burned down and the primary signal is overprinted by this diagenetic, secondary signal. The oxidation front is active at a sharply defined depth in the sediment. At or close to this depth both the Fe and Mnrich layers are formed. If the oxidation front has burned into the sapropel, the C org -and S-profiles will show sharp discontinuities at the maximum extension of the front because of the sharp depth allocation ofthe front. These discontinuities are rellected in the sediment colour by a sharp border between brown and green/black intervals. At both locations, the sapropels have sharp boundaries with the overlying sediment, but clear discontinuities in the C org and solid phase S profiles at these boundaries are not observed within our sampling resolution. Therefore, judging from the S profiles with resolutions of more than one sample per cm, the distance over which the sapropel-intervals are burned down is I cm at most.
When the downward moving oxidation front reaches the top of the sapropel, its migration rate decreases as it encounters increasing amounts of organic carbon and sulphides. Oxidation of organic matter and sulphides proceeds as represented by reactions 1-3. The oxidation of organic matter is assumed to occur by O 2 only, although other (secondary) oxidants such as N0 3 may oxidise some C Org as well. Possible oxidants for sulphide oxidation are O 2 , Mn(IV), and Fe(III) (ALLER and RUDE, 1987; LUTHER, 1987) . Oxidation by Mn(IV), however, is ruled out because it is probably not available in the sapropels and there is no evidence for extensive mixing by bioturbation of the sapropel and the overlying sediment. Fe(JII), on the other hand, is'still available in the sapropels (Fig. 5) because Fe( III) did not limit sulphide formation during sapropel deposition. Additionally, the oxidation of sulphides with Fe( III) is an order of magnitude faster than with O 2 (e.g., LUTHER, 1987; LUTHERetal., 1991) . Therefore, the oxidation of sulphides in sapropels that are not bioturbated after deposition primarily occurs by Fe( III):
The oxidation of sulphides increases the upward flux of Fe z + . This extra Fe(II) is readily oxidised at the front:
Reaction 4 results in a further deceleration of the front. The influence of sulphide oxidation on this deceleration is an aspect that has not been considered in previous studies. The relative importance of this process in periodically sulphatereducing sediments such as in the eastern Mediterranean is illustrated by the following calculation. The amount of electrons that are liberated during oxidation per mole of C org or sulphide controls the deceleration of the reaction front. From reactions I to 4, it follows that 15 electrons are liberated per mole of FeSz, 9 electrons per mole of FeS, and 4 electrons per mole ofC oxidised. The total reduced-S/C org molar ratio in sapropels is about 00405 (PRUYSERS et aI., 1991) . This ratio is slightly lower (0.35) when the C Org results from the dry combustion method are used. Therefore. if one mole of Cis oxidised in the sapropels (4 e-) then 0.35-0.41 moles FeS (3.2-3.7 e-) or 0.IS-0.20 moles FeS2 (2.7-3.0 e-) are oxidised. Accordingly, it seems that the presence of sulphides in sapropels almost doubles the resistance to burndown of the sapropel compared to the situation when C org is the only reductant.
Formation and Fate of Metal-Rich Layers
Assuming that the upward Fe2+ and Mn2+ fluxes always stayed at their present magnitude, a time estimate can be made for the beginning of the formation of metal-rich layers. The idea behind such an estimate is that while the front moves downward relative to the sapropel, all previously precipitated Fe and Mn are preserved. This involves an estimate of the amount of Fe and Mn precipitated and an estimate of the fluxes based on Fick's first law:
FA tlt
In this formula tlt represents an estimate of the time it takes to build up the Fe or Mn enrichments observed at present. PAis the peak area, i.e., the area of the enrichments in a concentration vs. depth diagram (Fig. 4) . The units of P A (initially ppm*cm for Mn and percent*cm for Fe) are recalculated to moles*cm-2 , assuming an average dry sediment density of2.2 g*cm-3 • D represents the diffusion coefficient and (be/Ox) the concentration gradient of Fe 2 + or Mn2+. This concentration gradient was estimated from porewater profiles by taking the tangent at the point where the solidphase enrichments are at maximum and Mn 2+ and Fe 2 + concentrations approach zero (Fig. 3) . At both locations tll values were determined for the Fe and Mn enrichments with an uncertainty of about 15% (Table I) . At' location 31 G 1, at the present level off]uxes it took 6S00-9500 years to produce the metal enrichments. This time estimate is close to the interval in which the sapropel was deposited (9000-7000 yrs). As sulphate reduction must have occurred during sapropel 91.5 cm '.y(' (from U and GREGORY (1974) , corrected for temperature and tunuosity).
Concentration gradients are estimated from pore-water profiles by taking the tangent at the point where the enrichments are at a maximum and Mn'+ or Fe>' are zero (Fig.3) . PA (Le. the enrichment of solid phase Fe or Mn) is calculated from the area of the enrichment in a concentration vs. depth diagram (Fig. 4) deposition, the Mn and Fe enrichments began to develop not long after sapropel deposition at this location.
Double-peak features of Fe and Mn at location 9Gl complicate the time estimate. This is inherent to the origin of these features. When the amount of Fe or Mn present in both peaks is considered, 81 lies between 4500 and 7000 years (Table 1) . One must remember, however, that the time estimate has been determined assuming that all precipitated Fe and Mn are preserved. This is no longer true at location 9G 1 because the oxidation front has moved upwards. Some Fe and Mn precipitated in the upper peaks probably derives from dissolution of the lower peaks. This process leads to an underestimate of the oxidation front initiation time. However, from the porewater profiles it follows that dissolution of the lower peaks is subordinate to dissolution of solid phase Fe and Mn below these peaks (Fig. 3) . The 81 for the upper peak ( 1900-1350 yrs) may give the time when the separation occurred.
Based on constant reductive fluxes and a constant sediment accumulation rate, it is possible to reconstruct the time evolution of the Fe and Mn enrichments. The results for a few time slices are presented schematically in Fig. 6 . The oxidation front starts moving downward not long after sapropel deposition ceased (Fig. 6, t o ) . However, this downward movement does not start exactly at t 0 because some time elapses before the downward oxygen flux reaches its present leveL This time lapse may be explained by: ( 1 ) sulphate reduction in the sapropel will not stop immediately after sapropel deposition. Therefore, some H 2 S may diffuse upwards into the organic-poor sediments and react with O 2 , thereby reducing the downward diffusion of oxygen; (2) the benthic community, which is responsible for bioturbation and thus for transporting O 2 from the bottom water into the sediment, is small or completely absent during sapropel deposition and it will subsequently take some time to build up to its present 2.01 *10-4 1590 size; (3) if anoxic bottom waters were present during sapropel deposition, it will take some time after sapropel deposition before O 2 concentrations in the bottom water will reach their present level. Therefore, after a relatively short transitional stage, the oxidation front starts moving downward (Fig. 6 , t ~ 700, by assumption). During this non-steady-state downward movement of the oxidation front, the geochemical system adjusts to the relatively organic-poor sedimentary input. Solid phase Fe and Mn are enriched in a narrow depth intervaL As the diffusion distance of the oxidants increases, the penetration of the front slows exponentially with time (WIL-SON et aI., 1986) , until a maximum depth is reached (Fig.  6 , t = 6000). In the case of sulphide and organic carbon-rich sapropels, this maximum depth is likely to represent the present top of the sapropel. At location 9G 1 we assumed that the top 5 mm of the sapropel was burned down by the oxidation front between t = 5000 and 1 = 6000 years (Fig. 6 , hatched area). If we take the upper boundary of the sapropels as the deepest extension of the oxidation front, a maximum depth of 15.5 cm and 13.6 em is derived for locations 31 G 1 and 9GI, respectively. After 1 = 6000 years the oxidation front behaves differently at both locations. At location 31Gl, the oxidation front moves upwards with respect to the sapropel but it still moves downwards with respect to the sediment surface. At present the maximum Mn concentration is found at a depth of 14.5 em and the maximum Fe concentration at 15.5 cm. Therefore, manganese has been mobilised in preference to iron over a distance of I cm. This preferential mobilisation is due to thermodynamics and kinetics (LYNN a!ld BONATTI, 1965; FROELICH et al., 1979; STUMM and MORGAN, 1981; BURDlGE and GIESKES, 1983; DE LANGE, 1986; THOMSON et aI., 1989) . The sharpness of the redox-transition from oxic to suboxic decreases with time as the diffusive path-length of oxygen becomes longer. Accordingly, the remobilisation of man-CORE 31G1 t = 0 t = 1000 t = 2000 t = 3000 t : : : : : 4000 t ::::: 5000 t == 6000 t = 7000 t = 8000 t = 9000
t == 1000 t::::: 2000 t = 3000 t = 4000 t ::::: 5000 t = 6000 t = 7000 t ::::: 8000 t = 9000 (PRESENT smJATION) FIG. 6. Schematic representation of the development of the Fe and Mn enrichments from the end of sapropel deposition until present plus 1000 years, using timesteps of 1000 years. The end of sapropel deposition is represented by t 0 and present conditions by t = 8000. The Fe profile is represented by a solid line, while the Mn profile is represented by a broken line. The vertically hatched area (901, t = 5000-9000) represents a part of the sapropel that has been oxidised completely. The dotted area represents the sapropeL ganese in preference to iron due to thermodynamics will become larger with time. When the front moves upwards relative to the sapropel (t > 6000), the lower parts of the enrichments dissolve slowly. Furthermore, Mn oxides are reduced faster than Fe oxyhydroxides (STUMM and MORGAN, 1981) . This kinetic effect, which reinforces the thermodynamic effect, becomes more apparent between t = 6000 and t 8000 years than before t 6000 because of dissolution of the lower parts of the enrichments during this interval (Fig. 6 ). At present conditions (t 8000), the system is at or close to steadystate. The oxidation front will remain at a constant distance from the sediment surface and the Fe and Mn enrichments move upwards in pace with the sedimentation rate (Fig. 6 , t = 9000).
At location 9G I, the oxidation front makes a sudden shift upwards between 1900 and 1350 years ago, probably by an increased C Org accumulation rate. The attribution of double peaks to varying bioturbation rates by BERGER et al. ( 1983) does not apply to location 9G 1 because this process would have destroyed the sharp appearance ofttie'double Mn peaks. Contrary to the situation just after sapropel deposition when oxidative fluxes were dominant, the front moves upwards under conditions of increased C org accumulation because reductive fluxes dominate. From this time onward, Mn and Fe are precipitated at the new position of the front (Fig. 6, t 7000-9000). The lower peaks will remain at the same depth relative to the sapropel and dissolve slowly. The active upper Mn peak lies at a depth of 10.3 cm and the upper peak of Fe at 12.8 cm. Accordingly, Mn has been remobilised in preference to Fe over a distance of 2.5 cm after the upward shift of the oxidation front. The results from 9G I show how sensitive the diagenetic system can be to small disturbances. If the disturbance is large enough, for instance when a new sapropel is deposited, the Mn and Fe enrichments may become buried in an anoxic environment. The (oxyhydr)oxides in the enriched horizons will slowly dissolve until they have disappeared completely (DEAN et aI., 1989; VAN OS et aI., 1991; PRUYSERS et aI., 1991) . Above the new sapropel a new diagenetic bum-down cycle may begin. The relict enrichments are often still visible in the sediment above old sapropels. For example, Fe and Mn enrichments have been found above sapropel S4 at location 9G 1 but not above older sapropels (PRUYSERS et al., 1991) . Where Mn and Fe enrichments are still detectable but where the sapropel has been burned down completely, the relict Fe and Mn enrichments can be useful geochemical palaeo-stratigraphic indicators for a vanished sapropel.
CONCLUSIONS
Early diagenesis in sapropel-containing marine sediments in the eastern Mediterranean leads to the formation of metalrich layers in a way similar to that described for other marine environments.
The diagenetic formation of the Fe and Mn enrichments began not long after sapropel deposition. After the sapropel was deposited (about 7000-8000 yrs BP) a progressive oxidation front mechanism became active, forming the diagenetic Mn and Fe enrichments. The downward moving front decelerated at the top of the sapropel mainly because of the increasing amounts of organic matter and reduced sulphides that had to be oxidised. During the second part of this nonsteady-state phase, the oxidation front started moving upwards with respect to the sapropel. Manganese was rem obilised in preference of iron due to thermodynamics, reinforced by kinetics. Steady-state conditions are reached when the upward movement of the front becomes equal to the sedimentation rate. At present the system at location 31 G I is at or close to steady-state. The oxidation front will remain at a constant distance from the sediment surface, and manganese will be mobilised in preference to iron. At location 9G 1, however, this steady-state phase has never been reached. 1900-1350 years ago the organic carbon accumulation rate probably increased suddenly, giving rise to a retreating oxidation front and the formation of double peaks.
